Synopsis Despite the typical assumption in studies of mitochondrial diversity that such data are useful for approximating population size and demography, studies of sequence diversity in mitochondrial DNA across the Metazoa have shown a surprising excess of rare alleles, a pattern associated either with strong selection or population growth. Previous work has shown that this bias toward an excess of rare alleles is typical across the Crustacea, and in particular, in the Cirripedia (barnacles). Here, we directly evaluate sequence data from studies of barnacle populations to ensure that inclusion of cryptic species is not the cause of this pattern. The results shown here reinforce previous studies that suggest caution in interpreting such patterns of allele frequencies, as they are likely to be influenced both by demographic changes and selection.
Introduction
Current efforts to better understand climatic change typically follow two paths: (1) development of prospective models about the future (and how organisms will respond to this change) using experimental or numerical manipulation, or (2) inference of past climatic change (and how organisms have responded to this change) using patterns of distribution or abundance of organisms as primary data. Collection of population genetic data is one way to quantify patterns of diversity within extant populations, and have often been used to make inference of how organisms have responded to climate change (Ibrahim et al. 1996; Hellberg et al. 2001; Cardenas et al. 2009; Marko et al. 2010; Flight et al. 2011) .
These data may be used to identify long-term immigration pressure in a region (Vellend 2005; Robinson et al. 2009 ) or even to track the distribution or demography of lineages (Hoffmann and Daborn 2007; Small and Wares 2010) . However, there are also efforts to assay patterns of molecular evolution-the frequency of particular alleles relative to theoretical predictions-as an indicator of past demographic changes. In some cases, these efforts are clearly successful and may be informative about range expansion (Stajich and Hahn 2005) . In other cases, however, the typical signature in DNA sequence data for population expansion-such as an excess of rare alleles relative to the expected Ewens distribution-can be found in populations that are clearly currently in decline (Lavery et al. 1996) . This happens because the demographic event is so recent relative to the evolutionary patterns contained in sequence data of a population, that the event simply cannot be captured so quickly by these data. As such, researchers are often making educated guesses about the spatial and demographic consequences of events such as the last glacial maximum (Maggs et al. 2008) , though many details are lacking.
When there are a priori reasons to assume a species may have expanded in size, and the molecular data are chosen to reflect the time scale on which this event happened, statistical evaluation of molecular data may be useful in quantifying the time or extent of population expansion (Hellberg et al. 2001; Wegmann et al. 2006; Eytan and Hellberg 2010; Flight et al. 2011) . However, Wares (2010) identified a general tendency for DNA sequences in studies of the commonly used mitochondrial cytochrome c oxidase subunit I (COI) gene region to exhibit characteristics associated with population expansion, regardless of taxon or geographic distribution-a bias strong enough and pervasive enough that it could affect how we interpret test statistics associated with change in population size or selection.
The most commonly employed of these test statistics, Tajima's D (Tajima 1989) , is used to identify when the spectrum of rare and common alleles is significantly shifted from the neutral/equilibrium expectation. The expected value for this test, under conditions of neutral evolution and demographic equilibrium, is approximately zero. Wares (2010) showed that across over 1000 metazoan data sets the mean result is approximately À0.5, indicating an excess of rare alleles and suggesting that either many spurious claims of ''expansion'' are made or that it is simply not exceptional to make such a claim. Wares (2011) took the data from the most commonly sampled taxon in the 2010 study, the Crustacea, and placed them under greater scrutiny for curatorial problems such as poorly handled sequence alignments. The results within the Crustacea were consistent with the earlier results, showing a strong tendency toward finding a negative value for Tajima's D (it should be noted that similar ''neutrality tests'' produce highly correlated results) as well as significant levels of variation in the results among taxonomic groups. A remaining concern with how the data are maintained in the NCBI database is that they tend to be grouped by recognized taxon, rather than by their phylogenetic distinctiveness. As such, groups of cryptic (or even misidentified) species may be submitted to GenBank under a single taxonomic identifier (with further details in the related publications).
The purpose of this study is to thoroughly evaluate individual studies to identify populations of single mitochondrial lineages (for which standard coalescent theory applies), within the Cirripedia (the most extreme Crustacean group in terms of bias for Tajima's D), to see whether there are further explanatory mechanisms for the observed pattern of tests such as Tajima's D being biased toward either population expansion or some form of nonpurifying selection on the locus in question. Given the natural history of cirripedes, with extremely large numbers of sessile adults often exposed to dramatically changing environments, this may be of use in understanding the general prevalence of either selection or demographic scenarios in the general history of intraspecific diversity.
Methods
We searched for available data from the COI mitochondrial gene region in barnacle populations on GenBank (www.ncbi.nlm.nih.gov). Data were retained if (1) the sequences could be obtained from a defined geographic location, with sample size at least n ¼ 5; (2) the sequences include no phylogenetic structure, as evaluated in Wares (2010) and in the source papers for each data set ( Table 1 ). The rationale for these criteria is to ensure that each data set included here represents only a single apparent population, whether ecological or evolutionary criteria (Waples and Gaggioti 2006) are applied. When multiple locations for a species were available, we first evaluated locations for whether they harbor phylogenetically distinct lineages within that species. For example, a population of the well-studied barnacle Balanus glandula could not come from central California, where two divergent genetic lineages exhibit a strong cline (Sotka et al. 2004 ), but could come from La Jolla, California, where only the southern ''C clade'' is present. Otherwise, species are only multiply represented by population data sets with a minimum distance of 108 latitude or longitude between them (Table 1) . This restriction was implemented to minimize the dependency of the data without losing information. In cases where multiple appropriate populations are nearby, we used the data set with the largest sample size, thereby minimizing error from small sample sizes.
Each data set was analyzed using COMPUTE (Thornton 2003) as in Wares (2010 Wares ( , 2011 . As in previous reports, Tajima's D-test statistic is considered to be highly correlated with other test statistics used to evaluate selection and/or demographic change, and so only this statistic along with nucleotide diversity () is reported. These values were then analyzed for distributional patterns associated with habitat type (intertidal or sub-tidal), taxon (species, order, suborder, and family), and geographic location (latitude and longitude) using first standard Analysis of variance (ANOVA) and then Kruskal-Wallis tests (as in Wares 2011). These statistical tests were carried out in the R statistical environment (R Development Core Team 2009).
Coalescent simulations were performed in MS (Hudson 1990 ) to evaluate the effects of mixing divergent (e.g., cryptic) populations in a study. A series of 10,000 randomly chosen parameter combinations were used to predict values of Tajima's D, assuming two populations that diverged at time (chosen randomly from a uniform distribution between 0 and 10; effectively between the present and an unambiguous divergence of separate species) and that were admixed at level a, the proportion of the second population that is included in the sample of the first population, where a is chosen randomly from a uniform distribution between 0 and 0.5. This set of simulations was repeated for (0,2) and a (0,0.1) to focus on a part of the distribution that may be more likely to result in taxonomic confusion or associated with a phylogeographic data set.
Results
A total of 46 data sets from 37 different species were analyzed (Table 1) . A maximum of three populations per species were included in analyses. Tajima's D ranges from 0.286 to À2.285, averaging À1.087 (s 2 ¼ 0.392). Nucleotide diversity () varies from 0.00134 to 0.03065, with a mean of 0.00927 (s 2 ¼ 0.00003). Habitat type (intertidal or sub-tidal species) and taxon did not have a statistically significant relationship with or Tajima's D (results not shown); thus, no conspecific data sets were excluded for sub-analysis. Although there was a statistically interesting association between latitude (or hemisphere) and values of Tajima's D, it was determined that this association was driven by populations of small sample size and is not shown. Figure 1 illustrates the results of our coalescent simulations of population admixture. As expected, extreme values of Tajima's D are obtained when divergent populations are combined in a data set. When equally mixed, D ) 0, and when a small proportion of the samples come from one of the populations, D ( 0. The observed mean of Tajima's D across the cirripede data sets analyzed here (À1.087) is consistent with admixture at a level of $2% between populations that are diverged ¼ 2 coalescent time units (which are proportional to the effective population size, or diversity within a given population; in general, this would represent the inclusion of heterospecific sequences).
Discussion
The purpose of this study was to determine the validity of the extreme low values for Tajima's D-test statistic in the Cirripedia (Wares 2011 ). What our analysis shows is that the bias at the COI gene region is strong, and not an artifact of inclusion of cryptic diversity, in this taxon. The mean value of D is À1.087, which in itself does not indicate significant deviation from the expectations of the null hypothesis (neutral evolution and demographic stability) but taken across many data sets suggests that the standard null is compromised, particularly when test users are often focusing on potential demographic changes in their populations. It must be emphasized that any singlesampled population of a species is not necessarily representative of the species as a whole or other locations for the same taxon; population structure and other factors can influence these patterns. Again, our goal was to more strongly evaluate previous findings to ensure that analytical artifacts are not the cause of the consistent observed bias in this often-used test statistic. While the value of Tajima's D or similar test statistics evaluating allelic diversity for any individual data set is often not ''significant'' in its deviation from the null expectation, it has been pointed out that such tests may be evaluating an overly simplistic null model (Hahn 2008) . The fact that only 2 out of 46 data sets exhibit a positive value for D (both of these data sets having the minimum sample size of n ¼ 5) suggests that the distribution of allelic variation consistently represents a different distribution than the null model developed by Tajima (1989) . The importance of this deviation is that when researchers draw conclusions from this The data were retrieved from GenBank data published in the indicated studies; in cases where GenBank accession numbers are not given, all pertinent statistics and test results were presented in the original publication. Exact latitude and longitude of each location is available from C. Ewers.
statistic, there are likely to be many false-positive results suggesting population expansion or directional selection. There was not an association, across the barnacle data sets sampled in this study, between the value of D and the habitat type or taxon being sampled. These factors are worth consideration in part because of what we know of the natural history of the COI gene region. It is under extraordinary constraints against nonsynonymous substitutions (Ballard and Melvin 2010) , and so it could be assumed that species with extremely large population sizes, such as barnacles (e.g., Balanus glandula spans a geographic range of 43000 km and can occur at densities up to 30,000 m À2 (Menge 2000) ; the tremendous amount of allelic diversity in this species also suggests an enormous effective population size (Sotka et al. 2004) ), would have greater potential to be under the influence of purifying selection (which can lead to negative values of D). However, we see no significant deviation that could be attributed to, e.g., the lower population sizes of deep sea or commensal species relative to the extreme abundances of many intertidal species.
Although there is a growing number of studies indicating how species' ranges have shifted and expanded during the Holocene (Benzie 1999; Hellberg et al. 2001) , and even in recent times, with changes in climate (Southward 1991; Barry 1995; Perry et al. 2005 ), much of current inference for expansion in population size comes from studies of molecular evolution (Real et al. 2005; Wegmann et al. 2006; Marko et al. 2010) . However, Wares (2011) used coalescent models and approximate Bayesian computation to show that to obtain the values of D seen in many metazoan taxa one would have to assume a homogeneous process in which on average, each taxon roughly doubled in abundance in the past 100 ky. A focus of this research is simply to point out that authors must be more cautious in suggesting population growth; clearly, many taxa have changed their population size in this time frame, but many have not.
Other test statistics may be more appropriate for evaluating either of the mechanisms discussed above. Fu (1997) noted that there is some additional power in alternative tests for identifying patterns of background selection, and additional power in other tests for identifying patterns of population expansion. However, the statistics are nevertheless typically strongly correlated (Wares 2010) . Here, we are not concerned with whether an excess of rare alleles is detected in any single data set or the cause for that, but with the general tendency toward this pattern and the association of this apparent bias with any geographic or biological features of the populations examined; these would not be resolved in a different way using other tests. Ramos-Onsins and Rozas (2002) also noted that some other tests such as Fu's Fs, which may be more sensitive in evaluating demographic expansion, behave less stably across data sets of varying size or diversity.
Certainly, the limited ability to explore allelic variation across a large number of taxa, while controlling for all of the factors that are controlled here, means that there is much yet to learn about general tendencies of genomic elements to respond to nonneutral and demographic events. Evaluation of test statistics such as Tajima's D across large numbers of markers in a single genome tend to illustrate mean tendencies close to the null expectation, with outliers being associated with some form of selection; an exception is when a population has a clear and known demographic history that shifts values in the predicted direction (Glinka et al. 2003; Ronald and Akey 2005; Stajich and Hahn 2005) . Modern treatments of genome-wide variation recognize the need to explore appropriate demographic models in order to determine an empirical null distribution of variation across a genome before identifying particular loci as having responded to selection (Stajich and Hahn 2005; Flight et al. 2011 Flight et al. , 2012 .
However, it may also be true that we must continue to explore-as more loci become frequently studied across many taxa-the general tendency of a given genetic locus, with its functional and associated constraints on evolution, to generate a particular pattern within and across a particular taxon like the cirripedes. Empirical distributions of test statistics such as Tajima's D across the Cirripedia illustrate not only that multiple mechanisms are clearly affecting the diversity that is usually analyzed a single species at a time, but also that many researchers may have been too quick to point to ''expansion'' as the cause of molecular diversity in a taxon without regard for the general tendency across related species. These cautions point to our need to have a greater understanding of the ''natural history'' of the genes we analyze, as well as the species they come from (Vermeij 2003) .
